Localized strain in AlGaN/GaN high electron mobility transistor ͑HEMT͒ device structures was studied by high resolution x-ray diffraction and rocking curve measurements, and the results were compared with the corresponding channel sheet resistance measurements. The map of in-plane tensile strain on the HEMT wafer showed a near one-to-one correspondence with the electrical resistivity. The in-plane strain variation in the range of ͑2.295-3.539͒ ϫ 10 −4 resulted in a corresponding sheet resistance variation between 345 and 411 ⍀ / ᮀ.
Localized strain in AlGaN/GaN high electron mobility transistor ͑HEMT͒ device structures was studied by high resolution x-ray diffraction and rocking curve measurements, and the results were compared with the corresponding channel sheet resistance measurements. The map of in-plane tensile strain on the HEMT wafer showed a near one-to-one correspondence with the electrical resistivity. The in-plane strain variation in the range of ͑2.295-3.539͒ ϫ 10 −4 resulted in a corresponding sheet resistance variation between 345 and 411 ⍀ / ᮀ. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3040315͔ Aluminum gallium nitride/gallium nitride ͑AlGaN/GaN͒ based high electron mobility transistors ͑HEMTs͒ have become important because of their potential applications in electronic, optoelectronic, high-temperature, and high-power devices.
1,2 AlGaN/GaN HEMTs have the desirable characteristics to replace GaAs based power amplifiers due to the very high breakdown field of GaN, which is estimated to be 3 MV/cm. 3 In addition, these devices require minimum cooling. The AlGaN/GaN HEMT devices can also be used for X and Ku band radar and sensing applications. However, one of the major problems in fabricating these devices is the lack of commercial availability of native GaN substrates. Hence, several efforts were made in growing GaN epitaxially on foreign substrates, by various growth methods. However, heteroepitaxially grown GaN tends to have structural defects arising due to mismatch in lattice parameters and different thermal expansion coefficients between the GaN epilayers and the substrates such as silicon carbide or sapphire. 4 These structural defects in turn will impact the transport properties such as electron mobility 5 and the luminescence efficiency for light-emitting diodes. 6, 7 Furthermore, the defects in the GaN layer may also propagate to the top AlGaN layer.
Significant progress has been made in the fabrication and electrical characterization of the HEMT devices.
2, [8] [9] [10] [11] The AlGaN/GaN HEMT structures have shown high electron mobility ͑Ͼ1500 cm 2 / V s͒ resulting in low specific resistivity values. However, for achieving more reliable device yields it is important to have homogeneity in electrical transport properties across the entire wafer. In order to improve the device performance and reliability, it is important to know the fundamental reasons for the variation in the electrical properties and inhomogeneity across the wafer. In this paper, we attempt to correlate the spatial variation of inplane strain in the GaN channel region of the HEMT devices using x-ray diffraction measurements with the variation in the device electrical resistivity across the wafer. We have measured localized lattice parameters and rocking curves on each point to determine microscopic strain, crystalline quality, and dislocation density. These pointwise strain measurements can be used for a one-to-one comparison with their corresponding transport measurements. Furthermore, these measurements are benign to the overall device and are nondestructive in nature. Hence, the x-ray microdiffraction technique is unique in providing a fundamental understanding for the possible origins of variation in electrical characteristics of the specific HEMT devices on the wafer.
The AlGaN/GaN HEMT wafer was grown epitaxially on sapphire substrate using molecular beam epitaxy process. A 0.1 m AlN nucleation layer was deposited, followed by an unintentionally doped 1 m GaN buffer/channel layer and an undoped 250 Å Al 0.25 Ga 0.75 N layer. The devices were fabricated using traditional photolithography and lift-off process. Ni/Au was used for the Schottky gate metal and Ti/Al/ Ni/Au was used for the Ohmic contacts.
High-resolution x-ray diffraction ͑HRXRD͒ and rocking curve measurements were obtained using a triple axis fourcircle Rigaku ATX-E diffractometer. In this configuration, two channel-cut Ge ͑220͒ crystals were used to monochromatize the incident beam to obtain a pure Cu K␣ 1 component. Also, one Ge ͑220͒ channel-cut crystal was used to analyze the diffracted beam. In this arrangement, we obtain a precision of less than 0.0001 Å in the measurement of the d-spacing. The diffractometer has an open Eulerian cradle with independent ͑tilt͒ and ͑rotation͒ movements and an x, y, z moving stage. This enables us to align the sample perfectly to get the accurate lattice parameters. In order to get the localized lattice parameters, strain, and the rocking curves from a specific section of the wafer, we used incident beam slits to collimate the incident x-ray beam and obtained diffraction only from the required area on the sample. These results from the specific regions of the wafer can then be compared with the corresponding electrical measurements. The sheet resistance mapping was obtained by currentvoltage ͑I-V͒ measurements across the entire wafer. Figure 1 shows a rocking curve measured for the ͑004͒ reflection of the GaN channel in the HEMT wafer. The full width at half maximum value is ϳ200 arc sec, suggesting the dislocation density of ϳ1 ϫ 10 8 lines/ cm 2 , which can be attributed to the strain arising due to lattice mismatch of GaN with the substrate. [12] [13] [14] The average crystallite size was calculated to be ϳ100 nm from the Scherrer equation.
The high resolution x-ray microdiffraction measurements taken as a function of the ͑x , y͒ coordinates on the ͑004͒ reflection of the GaN channel provide the spatial c-lattice parameters. The out-of-plane and the in-plane strains are computed using the relations
where Ќ is the out-of-plane strain, ʈ is the in-plane strain, and ͑ = 0.183͒ is the Poisson's ratio of GaN. 16 The measured in-plane strain was in the range of ͑2.295-3.539͒ ϫ 10 −4 and the resistivity was in the range of 345-411 ⍀ / ᮀ. The spatially resolved in-plane strain is compared with the resistivity measurements of the HEMT devices on the wafer. Figures 2  and 3 show the spatial map of the in-plane strain and the measured electrical resistivity, respectively. It can be seen from Figs. 2 and 3 that the variation in the in-plane strain correlates well with the variation in the electrical resistivity of the sample. This result shows that the effect of tensile strain in the GaN channel may result in a change in electrical resistivity. The resistivity of a semiconductor material increases with increasing strain because of higher density of crystallite boundaries arising from smaller crystallite sizes. The high density of crystallite boundaries increases the scattering of the carriers, thereby lowering their mobility, which results in an increase in resistivity. It has been shown that the resistivity of semiconductor materials increases exponentially with the increase in tensile strain. 17 The strain may be due to a combination of different factors in the fabrication of the HEMT devices. The heteroepitaxial growth of the GaN channel region on the substrate, surface polishing, and interfacial defects such as interface roughness between AlGaN and GaN may cause strain in the GaN channel. Schottky gate metallization on AlGaN also contributes to the strain. Non uniformities in AlGaN gate, the gate metal, GaN channel layer thickness can lead to variation in strain across the wafer. If these measurements are performed on the samples after growing each layer it is possible to find out the cause for the major contribution of the strain variation across the wafer. The nondestructive x-ray microdiffraction measurements of the lattice parameters provide a comprehensive analysis of the localized strain, and these results suggest that in order to have homogeneous transport properties across the wafer, the growth parameters of AlGaN layer, GaN channel, and the buffer layer have to be optimized to reduce the strain and the strain variation across the wafer. These unique measurements provide guidance in the fabrication of a AlGaN/GaN based device and the areas to be improved and optimized in order to increase the wafer yield and in improving the performance of the device.
The HRXRD and rocking curve measurements were performed on AlGaN/GaN HEMT devices as a function of ͑x , y͒ coordinates on the wafer. Based on these measurements, the average dislocation density is estimated to be of the order of tensile in nature for the GaN channel region of the AlGaN/ GaN HEMT devices and in the range of ͑2.295-3.539͒ ϫ 10 −4 . The corresponding electrical resistivities were in the range of 345-411 ⍀ / ᮀ. The spatial map of the in-plane strain and the electrical resistivity map of the wafer showed one-to-one correspondence. The origin of the in-plane tensile strain can be attributed to a combination of different factors such as random array of dislocations, surface polishing, gate metallization, and the lattice and thermal mismatch in the GaN channel/buffer region of the HEMT device.
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